Abstract Polyoxometalate (POM) silicadodecatungstic acid has been applied as a photochemical catalyst for the degradation of ®SETAPERS Black WNSP, a disperse dyestuff preparation widely used to dye polyester and polyamide fabrics. It could be demonstrated that the disperse dyestuff was photo-reduced by SiW 12 O 40 5-, the one-electron reduced form of POM, as evidenced by Heteropolyblue (HPB) formation. For completion of the photochemical redox cycle, isopropanol (IsOH) was required. Acetone (Ac) served solely as an effective solute and photosensitizer; however this effect was suppressed in the presence of POM. Threshold (0.087 mM) and optimum (0.375 mM) POM concentrations existed and decolorization kinetics were inhibited upon the addition of dye auxiliary chemicals. Increasing the dyestuff concentration from 50 mg/L to 150 mg/L did not affect initial decolorization kinetics revealing that not the formation of the excited [POM-Substrate]* complex, but its reduction to HPB was the rate limiting step. POM-mediated, IsOHassisted UV-photodegradation of disperse dyes and dye-baths is by far more effective than applying other, more well known chemical oxidation methods (O 3 , H 2 O 2 /UV, Power Ultrasound). Key to the action of POM redox catalysts is the feature that particularly heteropoly tungstates undergo facile re-oxidation to their original state, thus allowing regeneration of the photocatalyst, a feature that may become critical for realscale application.
Introduction
Textile dyes are of environmental interest because of their widespread use, their potential for formation of toxic aromatic amines and their low removal rate during aerobic waste treatment (Baughman and Weber, 1994; and references therein) . Although the majority of dye classes are ionic such as fiber reactive dyestuffs, the nonionic disperse dyes are the most heavily used. Their popularity and rapid growth are attributable to the fact they are the only dyes that can be used for polyester dyeing besides their application accomplished for cellulose acetate, acrylic and polyamide materials. Although fixation rates tend to be very high for this dye class, i.e. losses to the effluent are typically in the range of 15-20% (Weber and Adams, 1995) . Hence, more concern arises from the fact that these dyes are hydrophobic and expected to partition strongly to bottom sediments where reductive cleavage of the azo linkage to potentially hazardous, mutagenic aromatic amines might occur. On the other hand, oxidative treatment results for ozonation were also not satisfactory (Arslan, 2001 ) such that except for some attempts to treat disperse dyes electrochemically, phase transfer methods seem to be the most feasible candidates (Tsui and Chu, 2001) .
Heterogeneous photocatalytic oxidation of wastewater bearing textile dyes to remove colour and partial COD has recently become a very attractive method for textile industry effluent re-mediation. Among several semiconductors, TiO 2 has been the most suitable material with relatively favorable bandgap energy, offering the highest light energy conversion efficiency. However, in most cases photon to electron conversion efficiency remained very low (Yoon et al., 2001) .
In the last decade a remarkable advance has been made in the area of heteropoly acid catalyzed photochemical processes. Polyoxometalates (POM) are nano-sized, oligomeric, well-defined metal-oxygen cluster anions undergoing step-wise, reversible redox reactions by acting as multi-electron and oxygen relays upon thermal or photochemical activation (Duncan et al., 1995) . Besides their well-defined structures they are of diverse practical interest in the areas of chemistry, biochemistry, electrochromism, microelectronics, and more recently in environmental applications (Mizuno and Misono, 1994) . Their photoelectrocatalytic action has already been demonstrated for the mineralization of recalcitrant organic pollutants where heteropoly acids (HPA) underwent multi-electron photoreduction in the UV and near-UV spectral regions with concomitant oxidation of the target compound. Indirect, free radical (HO • , HO 2
• , O 2 •-) formation/involvement has also been evidenced via detection of HO • -adducts, EPR trapping techniques etc. in several studies and hence cannot be ruled out (Mylonas et al., 1999; Androulaki et al., 2000) . Quantum yields as high as 10-20% have been reported for alcohol oxidation, thus rendering them attractive alternatives to the more well-known TiO 2 -mediated, heterogeneous photocatalysis. Key to their action as homogenous redox catalysts is the feature that particularly "heteropoly tungstates" undergo facile re-oxidation to their original state thus allowing regeneration of the photocatalyst (Hiskia and Papaconstantinou, 1992) . The proposed photocatalytic cycle of POM, which is analogous to the photocatalytic cycle of semiconductor photocatalysis, is given below:
Illumination of the ligand -to -metal charge transfer band (λ max ≈ 260 nm); POM→POM* or [POM-Substrate]*; E red = 2.5 eV vs NHE
(1) Oxidation of the electron donor (substrate S or pollutant R); POM* + S→POM red + S ox (2) Reoxidation of the reduced POM by an electron acceptor (dioxygen);
Reduction of pollutants and oxidation of POM red ;
Considering the above formula, azo dye degradation might occur via all three reaction pathways, namely (2), (3) 5-can sensitize photochemical reduction of O 2 and/or azo dyes. In the present study, we have investigated the photocatalytic activity of the POM H 4 SiW 12 O 40 on ® SETP Black WNSP, a disperse dyestuff preparation widely used to dye polyester and polyamide fabrics and prominent for its superior wet and light fastness, low exhaustion rates usually not exceeding 5-7%, in the presence of acetone (Ac) and isopropanol (IsOH). Ac is known for its photo-sensitizing and solubilizing activity, and IsOH may assist photoreductive cleavage of the azo dye via POM red production. In separate runs, the effect of dye auxiliary chemicals (a dispersing agent, a levelling agent and acetic acid used as pH buffer) on dye photobleaching efficiency was also explored.
H 4 SiW 12 O 40 hydrate (MW = 2878.29 g/mol) was obtained from Fluka and used as received. Analytical grade H 3 PO 4 , acetone (Ac) and isopropanol (2-propanol, % 99.99, IsOH) were all purchased from Riedel. The disperse dyestuff preparation ® SETAPERS Black WNSP (SETAS Corp.) and dye auxiliary chemicals (i.e. levelling agent "LA" Rucogal SBM, Rudolf -Duraner; dispersing agent "DA" Breviol A -69, Henkel; technical grade glacial acetic acid "AA") were kindly supplied by Pisa Tekstil dyeing and finishing company located uptown of Istanbul.
The effect of dye assisting chemicals being typically employed during disperse dyeing was studied in separate experiments. Disperse dye-bath analogues were made up from 150 mg/L disperse dye (a mixture of Disperse Blue 79 and Disperse Orange 30, 95% in purity), 2 g/L DA (a sulfonated naphthalene condensation product, anionic), 2 g/L LA (an aromatic carboxylic acid compound, mixture of polyacrylate and ethoxylated fatty acid, anionic), and 2 g/L AA solution. Dye solutions were always buffered with concentrated H 3 PO 4 to pH = 2.90 ± 0.1 to keep H 4 SiW 12 O 40 stable.
Apparent colour of the disperse dyestuff preparation and its dye-bath simulation were determined by absorbance measurements at λ = 600 nm (i.e. the characteristic absorption band of the disperse dyestuff) using a single beam UV-VIS spectrophotometer (Szpyrkowicz et al., 2000) . Since the dyes were only partially soluble in water, this measurement gave the sum of both colour and turbidity. The validity of the Lambert-Beer law was confirmed by testing absorbance-intensity correlations at five different disperse dye concentrations (25, 50, 75, 100 and 125 mg/L) in: a) distilled water, b) 10% IsOH + 90% water (v/v), c) 10% Ac + 90% water (v/v). Photochemical reactions were run for 30 min in a 2000 mL capacity annular Plexiglas reactor equipped with a 21 W low pressure mercury arc lamp emitting UV-C light at 253.7 nm. The light intensity of the UV-C lamp was 3.65 W/L (= 1.727 × 10 -4 Einstein/L/s). The reaction solutions were vigorously mixed from the reactor bottom by means of a magnetic stirrer to provide rapid re-oxidation of the HPA catalyst that is proposed to be the rate-limiting step of the HPA-mediated redox system.
Results and discussion
Evidence of SiW 12 O 40 5--mediated disperse dye photobleaching
Several control experiments were conducted to establish a baseline for disperse dye degradation. For this purpose aqueous dye solutions (C dye = 75 mg/L) were illuminated for 30 min directly as a suspension in water, in the presence of aqueous Ac, aqueous IsOH, aqueous Ac + HPA (0.5 mM), aqueous IsOH + HPA (0.5 mM) and aqueous HPA (0.5 mM) only (Figure 1 ). Figure 1 indicates that over the selected time scale significant loss in colour was only observed for reactions of aqueous disperse dye suspensions with UV + Ac and UV + IsOH + POM. As expected, slow colour abatement was observed when Ac was introduced for the fact that Ac not only functions as a photosensitizer but also as a solvent to increase overall disperse dye solubility (Hawari et al., 1991; Horspool, 1992) . The presence of HPA retarded Ac-mediated dye photolysis most probably owing in competition for UV light. Inspection of the initial reaction rates "r" revealed that POMmediated, IsOH-assisted disperse dye degradation proceeded far faster than the other studied photochemical systems speaking for a different and more efficient dye bleaching mechanism. A separate experiment was carried out to track the formation of "heteropolyblue" (HPB), i.e. the one-electron reduced form of the HPA, SiW 12 O 40 5-. Accumulation of HPB during photolysis of POM in the presence of IsOH can easily be observed through monitoring the formation of the SiW 12 O 40 5-absorption band (λ max = 730 nm; ε = 1,500 M -1 cm -1 ) (Varga et al., 1970) . HPB formation up to a steady-state amount during illumination of 10% v/v IsOH + 0.5 mM POM and its subsequent abatement starting after UV-C light was turned off at t = 45 min confirmed facile regeneration of the original catalyst even without additional oxygen sparging.
Effect of catalyst and initial dyestuff concentration
The dependence of initial decolorization rates r i , in cm -1 min -1 , on POM concentration applied in the range 0.026-1 mM is presented in Figure 2 . A significant acceleration of disperse dye photobleaching rate was evident when the POM concentration was increased from 0.026 mM to 0.087 mM and almost levelled, thereafter experiencing a weak maximum at 0.375 mM and slightly decreasing beyond 0.5 mM, which was selected as the reference concentration for the forthcoming experiments.
The effect of initial dye concentration (50, 62.5, 75, 100, 125 and 150 ppm dye solutions) on colour abatement kinetics is presented in Figure 3 . It can be readily seen that two separate kinetic regimes appear for disperse dye bleaching; i.e. a rapid, initial dye concentration independent phase during the first min of irradiation, followed by a dye solubility and limited concentration and hence relatively slow colour abatement phase. As a consequence, the hydrophobic nature of disperse dyes does not allow complete decolorization. The r i values obtained for the selected dye concentration range underscore the fact that the rate of POM-catalyzed dye bleaching depends on the formation of sufficient HPB from the reaction of IsOH and POM, and its subsequent re-oxidation to POM.
Effect of dye auxiliaries on photobleaching kinetics
Dye auxiliaries can seriously affect dye degradation rates depending upon their type, nature and on dye degradation mechanism. The selected dye auxiliaries are anionic and hence more water soluble and amenable to homogenous photochemical reactions than the disperse dyestuff preparation itself. Figure 4 reports the effects of "AA" (acetic acid), "DA" (dispersing agent) and "LA" (leveling agent) and combinations thereof on colour abate- Figure 2 Effect of POM concentration on the initial decolorization rates ment kinetics and compares the observed results with mere dyestuff degradation. Generally speaking, decolorization rates were seriously inhibited by the introduction of dye auxiliary chemicals. The effects of dispersing agent and levelling agent are rather consequences of enhanced dye solubility-dispersability and solution opacity, respectively, whereas acetic acid speculatively competes for charge (electron) transfer sites, i.e. for POM, that is only of secondary significance. In the presence of the dispersing agent, total decolorization of the disperse dye-bath recovers to 55% instead of only 41% when only the turbidity causing levelling agent is added to the aqueous dyestuff preparation.
Conclusions
The results of the present study demonstrated the feasibility of heteropoly acid-mediated and isopropanol-induced photochemical degradation of dye-baths bearing disperse dyestuffs. The rate of decolorization strongly depended upon the heteropoly acid (photocatalyst) loading, nature of the organic solvent, i.e. the electron donor, and the presence of various dye assisting chemicals. Fortunately, the initial dye concentration did not seriously affect the photocatalytic degradation rate in the studied range, revealing that the process is rather solute-selective and limited by the dyestuff solubility and catalyst photo-excitation I. Arslan-Alaton and S. Dogruel 175 Figure 3 Effect of initial dye concentration on the initial decolorization rate Figure 4 Effect of dye auxiliary chemicals on overall color removal efficiency and initial decolorization rates efficiency. The encouraging results speak for the possibility of applying photochemical degradation with heteropoly acids for pre-treatment purposes to overcome associated biorecalcitrance problems. However, a lot of effort is still required to solve the problem of catalyst separation, immobilization and activity improvement.
